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ABSTRACT

This paper presents the design and realization of a single-
chip wireless pressure sensor implementing battery-free
passive telemetry for transcutaneous pressure monitoring.
The device is realized using a double-sided silicon-on-glass
process integrating a high-Q inductor and a capacitive
pressure transducer on opposite sides of a glass substrate.
Batch-fabricated gold beam-lead inter-connects provide
low-impedance connections from the front to the back of the
glass die. The fabricated device measures 6mm x 6mm x 
0.5mm, and can be read out at distances greater than 3cm
over a pressure range of 400mmHg to 1000mmHg.

INTRODUCTION

There are many emerging biomedical applications that 
require extended monitoring of internal pressure.
Intracranial pressure measurements can provide critical
outpatient information for neurosurgical patients [1]. Such
applications demand wireless telemetry systems that can be
implanted to provide sensing functionality and 
transcutaneous communication. Passive telemetry uses a 
loosely coupled transformer composed of an external
antenna, LP, paired with an inductor in the implanted
system, LS. Power is delivered to the implanted system
through their mutual transcutaneous coupling (Figure 1). 

Currently, there are two dominant methods of data
transmission through passive telemetry: passive load
modulation and resonant peak monitoring. The former

requires on-chip circuitry for a wireless system to actively
modulate a reflected load on a coupled primary inductor [2].
The latter utilizes a wireless LC tank, whose resonant
frequency can be monitored through a local minimum in the
phase of the impedance characteristics of a coupled primary
inductor vs. frequency [3]. Resonant peak passive telemetry
is used for wireless pressure sensing by implementing a
capacitive pressure sensor in a wireless LC tank.

THEORETICAL ANALYSIS 

Passive telemetry systems that remotely monitor the
resonant frequency of an LC tank can be analyzed by
looking at lumped models of the internal system and
external inductor.  The schematic of the circuit is shown in
Figure 2, where Zin is the impedance of the coupled system,

Rs and Rp are the parasitic resistances of the respective
inductors, and Cs is the parallel combination of the sensor
capacitance, Csens, and the parasitic capacitance of the
inductor, Cind. The functionality of passive phase-dip
telemetry relies on the ability to couple the resonant
frequency of the LC tank to the external antenna. It has been
shown that the impedance of the primary inductor when the
coupled LC tank is at resonance is [3]

Fig. 2:  Schematic of the circuit used to model the phase 
dip readout.

Fig. 1:  Implementation of passive telemetry coupling
power and data through a transcutaneous inductive link.
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where the mutual inductance between Lp and Ls is
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with k defined as the coupling coefficient and o is the
resonant frequency of the LC tank defined by
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Assuming operation of the device far below the resonant
frequency of the external inductor, and negligible parasitic
resistance of the external inductor, RP, the phase-dip
magnitude can be approximated by combining Eq. (1), (2),
and (3), such that
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As shown in Eq. (4), the quality factor of the wireless
system, Qtank, and the coupling coefficient, k, of the
inductive link, will define the detected signal.  Assuming the
area of the implantable device, and thus the area of the on-
chip inductor, is set by the application, maximizing the
coupling with distance can be achieved in the design of the
primary inductor, LP, by both the use of high-permeability
ferrite cores to increase the effective permeability of the
inductive link and through the design of the external antenna
[4,5].  Along the center line of the transmit antenna for rS

rP, the coupling coefficient can be approximated as [4]
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where rP is the radius of the primary inductor and rs is the
equivalent radius of the on-chip inductor [5].   Thus, the
external antenna can be designed to maximize  for a 
coupling distance, z.

DEVICE DESIGN

To optimize tradeoffs between energy absorption by the 
tissue and maximum data bandwidth [5], the device has
been designed to work at 10-20MHz.  Figure 3 shows a 
cross section of the device.

Design of the on-chip spiral inductor has been based on an
analytical model developed by Neagu et. al [6]. The general
design tradeoffs for megahertz spiral inductors are shown in
Table 1.  The parameter tradeoffs were developed holding
the die area, D, constant. For the comparison, each
parameter is changed keeping the others constant to show its
direct effects on the device parameters.  The dashes in the
table show where direct correlations cannot be made, and

parameter tradeoffs must be optimized.  The arrows show
where direct correlations can be drawn.

Table 1. On-Chip Inductor Design Tradeoffs
Device Parameter RS LS Cind ind Qind

Number of turns  / Di -

Line thickness (h) 0 -
Line width / spacing

 (b)  / (xl)
0 -

Dielectric thickness (t) 0 0

As shown in Table 1, decreasing the substrate parasitic
capacitance of the inductor will increase the antenna self-
resonant frequency, ind, and quality factor, Qind.
Fabrication of the antenna on the opposite side of the device
could then capitalize on this effect. This fabrication
approach optimizes the device sensitivity since the
capacitance of the device is dominated by the pressure
sensor capacitance.

A capacitive transducer was designed to meet the
performance requirements for intracranial pressure
measurements [1]. A bossed-diaphragm pressure transducer
was chosen to provide the linearity and dynamic range
needed from a single device operating from 400mmHg to
1000mmHg.  The final design parameters are shown in
Table 2. 

Table 2. Device design parameters

Capacitive Sensor On-Chip Inductor
a=2.6mm
c=1.86mm
d=9 m

x1=30 m
b=40 m
h=35 m

t=500 m
D=6mm
Di=2mm

DEVICE FABRICATION

The fabrication flow (Figure 4) is based on a silicon-on-
glass dissolved-wafer process [7].  It begins with a KOH
recess in the silicon, which forms the cavity for the pressure
sensor.  Highly boron-doped (p++) etch stops are diffused
for the 10 m center boss and anchor areas, as well as the
4 m deflectable diaphragm. 3000Å of low temperature
oxide (LTO) is deposited which provides stress-decreasing
compensation for the tensile p++ diaphragm [7].   The LTO
is then patterned with a wet etch for the Si-metal(Cr/Au)
contacts to the diaphragm electrode. A recess in the LTO is 
made using a dry plasma etch to form the lead tunnel for the
glass electrode.  The bottom electrode and the metal
interconnect for the diaphragm electrode is patterned onto
the glass with an evaporated Ti/Pt/Au stack.  The glass
wafer, Pyrex  #7740, is partially diced to simplify die
separation after the devices are released.  The partial dicing 
is done on the transducer side so that the backside can
provide a planar surface for further fabrication.  The silicon 
and glass wafers are then anodically bonded during which
the Au/Au contact is made from the glass metal to the Si
metal.

Fig. 3: Schematic of the double-sided device showing the 
parameters used in the design.
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The antenna is fabricated on the back of the two-wafer 
stack.  Cr/Au is patterned to provide the first-level metal to 
form the center tap for the spiral antenna.  Photo-definable 
polyimide is then spun cast to a thickness of ~15µm and 
patterned to form the dielectric spacing and vias between the 
metal layers.  Ti/Cu is sputtered over the patterned 
polyimide, and thick resist processing using AZ9260 is then 
used to form a 40µm-thick plating mold [8].  Copper is 
electroplated to form the on-chip spiral antenna.  

The front-to-back interconnect problem associated with 
double-sided glass processing was solved using 
electroplated gold beam leads that extend over the edge of 
the die.  When the dies are separated, the beams can be 
wrapped around to the opposite side of the wafer and then 
ultrasonically bonded.  This approach is shown in Fig. 5, 
which is the cross-section taken through line A shown in Fig 
3.  The first beam lead fabrication mask defines the area 
where the beam lead will make contact with the first-level 
metal on the antenna side of the glass wafer.  The patterned 
resist then forms the sacrificial layer to release the beam 
lead interconnects.  Cr/Au is sputtered over the sacrificial 
resist and a second layer of resist is patterned on top of the  

metal seed layer.  Gold electroplating is then performed to a 
thickness of 5µm.  This masking step overlaps the adjacent 
die; however, die area is not lost since the beam leads are 
free standing after the seed layer is etched and the sacrificial 
resist is removed.  The pressure transducer is released using 
EDP.  The individual dies are separated and ultrasonic 
bonding of the front-to-back interconnects is performed.  
The devices are then sealed with epoxy and coated using 
parylene.   

RESULTS 

 The fabricated sensor is shown in Figure 6.  The transducer 
and on-chip antenna have been fully characterized 
independently, as well as together as a system.  The 
sensitivity of the transducer is found to be somewhat less 
than designed, most likely due to the residual tensile stress 
in the diaphragm.  The sensitivity of the transducer is 
20fF/mmHg, with a linearity of 3fF/mmHg over the 

specified pressure range.  An Agilent 4195 spectrum 
analyzer was used for characterization of the on-chip 
antenna through the extraction of lumped models from 
impedance measurements.  The values for the lumped series 
inductance and resistance, and parallel capacitance of the 
inductor are Ls=3.7µH, Rs=10Ω, and Cind<1pF realizing a 
self-resonant frequency and quality factor of, find>82MHz 
and Qind>150, respectively. The on-chip inductor-pressure 
sensor system was tested at the die level to find Qtank>30.    

 Wireless data acquisition has been accomplished using an 
Agilent 4194 impedance analyzer.  Passive sensing of the 
LC tank resonance at multiple pressures is shown in Figure 
7.  Although Eq. (4) is independent of power delivered to 
the external antenna, increased power can be used to 
increase the voltage and current signal detected over noise.  
Thus, an increase of the signal-to-noise ratio can be used to 
increase the coupling range.  The equivalent area of the 
spiral windings defines the equivalent inductor radius used 
for comparison with theory using Eq. (6) providing 
characterization of the coupling coefficient.   The measured 
data and trends predicted by theory are shown in Figure 8.   

Fig. 4: Fabrication steps: (a) formation of the pressure sensor 
diaphragm, (b) glass electrode formation, (c) fabrication of 
the antenna structure. 

Fig. 5: Fabrication steps for front-to-back interconnect (a) 
Au electroplating mold and seed layer (b) released beam 
leads (c) front to back interconnect after release and die 
separation with realized fabrication photograph 

Figure 6: Realized dual sided device next to paper clip with 
reflection to show the reverse side of the chip. 
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The noise floor of the current testing setup, using the 
Agilent 4194, finds ∆φnoise<0.01°, which results in a 
maximum coupling range found using an external antenna 
with rP=24mm to be 3.1cm. The current resolution of the 
device, as the coupling range is decreased and power is 
maximized, is 1mmHg.  The resonant frequency response of 
the system as a function of pressure is shown in Figure 9. 
The sensitivity of device is 3.2kHz/mmHg.   

Fig 8:  Phase-dip magnitude measured in degrees vs. coupling 
distance showing theoretical trend lines and measured data for 
r

P
=6.5mm, 24mm, and 44mm using an air core (meas) and 

r
P
=6.5mm with a NiZn ferrite core (core) 
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Fig. 9: Device resonant frequency shift with pressure. 

CONCLUSIONS 

A double-sided battery-free pressure sensor has been 
developed implementing wireless passive telemetry on a 
single chip.  A passive telemetry design has been presented, 
and technology has been developed for integrating high-Q 
on-chip inductors with the silicon-on-glass, dissolved-wafer 
process.  The present device can be operated at coupling 
distances greater than 3cm and can achieve a resolution of 
1mmHg.  The device has been characterized from 
400mmHg to 1000mmHg, and has a zero-deflection 
resonant frequency and sensitivity of 12MHz and 
3.2kHz/mmHg, respectively.  
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